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Quantum optics experiments on "bright" beams typically probe correlations between side-band 
modes. However the extra degree of freedom represented by this dual mode picture is generally 
ignored. We demonstrate the experimental operation of a device which can be used to separate the 
quantum side-bands of an optical field. We use this device to explicitly demonstrate the quantum 
entanglement between the side-bands of a squeezed beam. 

PACS numbers: 03.67.Mn, 42.50.Lc 
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Early on in the discussion of squeezed light it was re- 
alized that a single mode description is often not ade- 
quate. The spectral structure of squeezed light with its 
frequency side-bands is essential when analyzing specific 
Fourier components of the field fluctuations p, 121, |3|, |^ . 
From a theoretical point of view it became clear that the 
two side-bands of a squeezed beam carry quantum corre- 
lated noise H^, 's', 'E'l . Later it was realized that squeezing 
across two distinct spatial modes led to entanglement and 
tests of the Einstein Podolsky Rosen (EPR) Gedanken- 
experiment using such two mode squeezed light were pro- 
posed j6|,l^ and demonstrated 8, !). \V, . Since then EPR 
entanglement has been recognized as a basic resource of 
continuous variable quantum information protocols 
Two mode squeezing involves pair-wise correlations be- 
tween the four frequency side-band modes of the two 
beams. Recently it has been suggested that the spec- 
tral side-band correlations of single mode squeezed light 
can be transferred to entanglement between two spatial 
modes J^J . The entanglement thus produced would 
be of a quite different character to that produced by two 
mode squeezing as it would involve a pair wise correlation 
between only a single side-band on each of the beams. 

In this letter we demonstrate experimentally for the 
first time the production of this new type of entangled 
light by separating the quantum side-bands of a single 
spatial mode into two separate spatial beams. We first 
demonstrate the basic effect using continuous wave co- 
herent states (experiment type A) and then demonstrate 
entanglement production from pulsed squeezed light (ex- 
periment type B). As well as the fundamental interest 
of demonstrating this paradigm of quantum optics ex- 
plicitly, the techniques described here represent a new 
tool in the analysis and manipulation of quantum optical 
fields [13 . ITsI and produce entanglement useful for quan- 



tum information applications. Note that the ability to 
detect a single side-band may also open new possibilities 
for astronomy p^. 
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FIG. 1; A schematic diagram of the system along with spec- 
tra illustrating successful operation at the classical level. All 
the spectral measurements were made with a scanning confo- 
cal Fabry-Perot cavity |2lll with a Free-Spectral Range (FSR) 
of 500MHz and a linewidth of approximately 2MHz. The 
truncated carrier is shown at zero frequency, the phase mod- 
ulation side-bands are at ±90.5MHz and residual mode mis- 
match peaks (with less than 1% power) are at ±250MHz. 



Fig. n illustrates our experimental set-up. This fig- 
ure also shows sketches of input and output frequency 
spectra indicating the desired operation of the system. 
The system is essentially a Mach-Zehnder interferome- 
ter whereby the path length for one of the interferometer 
arms is much greater than for the other, thus introducing 
a time delay between the two arms of r. Previously such 
unbalanced Mach-Zehnder interferometers (UMZI) have 
been used in quantum optics experiments to filter spuri- 
ous longitudinal lasing modes 17\ and measure the phase 
quadrature of bright pulsed beams • Here we pick the 
path length difference such that the quantum side-bands 
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at a particular radio frequency are decomposed into sep- 
arate spatial beams. 

All of the beamsplitters in the UMZI are assumed 
50% transmitting. In the Heisenberg picture, time vary- 
ing fields arc written in the rotating frame as A{t) — 
A + 6A{t) and A{ty = A* + SA{ty where the steady- 
state coherent amplitude of the field is given by A and 
the time-varying component of the field is given by the 
operator 6A(t). In Fourier transform space, we may de- 
fine operators for the quadrature amplitude and phase 
fluctuations of a field as 6X'^{u!) — SA{u!)+6A{—uj)'' and 
6X^{uj) = t{6A{u!)—6A{—ujy) respectively. The absence 
of hats indicates the Fourier transform. Additionally we 
have made use of the relation that 6A{t) SA{uj) 
SA{t)^ 5A{—ujy to find the relevant creation opera- 
tors in the frequency domain [19| | . The spectral variances 
of all fields are found from {\SX'^{uj)\'^}. 

The annihilation operators for the UMZI inputs (out- 
puts) at a Fourier frequency uj relative to the carrier are 
denoted SAinico) and Svin{to) {6Ai{u}) and (5^2 (w)) - see 
Fig. n The outputs of the UMZI are given in terms of 
the inputs as 

+i6v,n{uj) (e'-^e'^^ + 1)] (1) 

+Sv,n{co) (e^^e^-^ - l)] (2) 

where (j) = 2rmT + loqt = ojqt is the phase shift acquired 
by a field at the carrier frequency wq. Let us focus on 
the specific frequency Q. such that ilr = 7r/2. Choosing 
(/) = -|-7r/2, the outputs of the UMZI are 

<5A,+^/2(f^) = 6A„,{n),5A^^+^/2{-~^)=^5v^.n{-V) 
<5^,+^/2(f^) = -(5w™(J7),M2,+^/2(-0) =^M,„(-^]) 

For = —71/2 the ±£7 terms are interchanged. 

Hence we find that the positive and negative frequency 
components of the input field can be separated into spa- 
tially distinct beams. If the UMZI is locked to — 7r/2 the 
upper and lower side-bands will exit from the opposite 
ports. This behaviour has been confirmed experimen- 
tally and is indicated in Fig^ The spectra illustrating 
successful operation at the classical level are the results 
of measurements of a continuous wave Nd:YAG laser (In- 
nolight Mephisto 500) with 90.5MHz phase modulation 
side-bands sent as an input to the UMZI (experiment 
type A). The UMZI had a path length difference of 0.83m 
and fringe visibility of 98%. The DC power at output Ai 
was used to lock the interferometer. Spectral measure- 
ments of the field A2 were made for </> = -f7r/2 and for 
(j) = —tt/2. The second of these is shown on the Ai 
output to illustrate schematically the desired operation 
of the device. The spatial separation of the upper and 
lower side-bands is clearly visible. 



We now turn to non-classical effects. The power spec- 
trum of the input fluctuations is given by 

vi = {6A,^iny6A,„m + sA„,{-n)^SA,,-,{-n) 
±SA„i-n)dA„{n) ± SA,„i~n)^A,„{ny) 

+ 1 (3) 

The final unit component in the sum is the vacuum noise. 
Using the transfer relations for the UMZI {ip — +tt/2) we 
find for the output fluctuations of the first beam 

v^i,,^{6A^{nysArM) + i (4) 

where expectation values such as {Svl^^Svin), {SAl^Syj^^) 
and (SAinSvin) are all zero. V^^2 is similar to EqlJlwith 
fl replaced by —fl. Thus we expect only the power of 
the upper side-band to appear at the first output and 
only that of the lower side-band to appear at the sec- 
ond. Also we expect the spectra to be independent of 
the local oscillator phase when probing the side-bands 
with a homodyne detector. If the input state is symmet- 
ric (same power in the upper and lower side-bands) then 
the variances of the amplitude and phase quadratures of 
both outputs of the UMZI when locked to cither ±7r/2 
would be (normalized to quantum noise limit, QNL, of 
one output) 

Vout = {V+ + V^- + 2)/4 (5) 

Fig. 12 shows the results of homodyne measurements of 
the input and output of the UMZI for experiment type 
A at 90.5MHz. Ref. [l| outlines the approach taken 
to model mode-mismatch. To take an example, the in- 
tensity noise of either of the output fields is U^^j „^ = 
(^in + VmmV^' + 3 - r/„„„)/4 whcrc rj^m is the mode- 
matching efficiency of the UMZI given by the square of 
the fringe visibility. There is good agreement between 
the measured and predicted behaviour of the UMZI. 

Of more interest is what happens if the input beam is 
squeezed. From Eq.|31we see that the noise of the output 
beam must be greater than the QNL for all quadratures 
(as y -|- 1/y is always greater than 2 for V 7^ 1). In- 
deed, from Eq. ^ this shows that squeezed beams have 
side-band photons. So the output beams show excess 
noise. Now consider the correlations between the output 
beams. If amplitude quadrature measurements are simul- 
taneously made on both beams then the sum and differ- 
ence photocurrent variances (normalised to the QNL of 
both output beams) are given by 

Cdrf = (^.i + l)/2 V+,^{V^+l)/2 (6) 

If the input beam is amplitude squeezed then Eq.|^shows 
that amplitude measurements of the two beams are anti- 
correlated to below the QNL. On the other hand if phase 
quadrature measurements are simultaneously made on 
both beams then the normalised sum and difference pho- 
tocurrent variances are given by 

Vadd=iVin+^)/^ V-^,^iV+ + l)/2 (7) 
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into the UMZI. A visibility of 95% was observed at the 
output to generate entanglement. On each of the two 
output beams we performed an amplitude noise measure- 
ment (see the upper two graphs in Fig.|31). The amplitude 
noise of the output beams (gray traces) is almost 20dB 
above the quantum noise limit (black traces). This high 
noise level is an indication that strong correlations be- 
tween pairs of side-bands might be present. Note also 
that the squeezing is lost as a result of the separation 
of side-bands. The high noise level is not only due to 
antisqueezing, but also due to the high classical thermal 
phase noise of our squeezed states. 



FIG. 2: Homodyne measurements of: the Quantum Noise 
Limit for the local oscillator power (labelled QNL); the input 
to the UMZI ("Ain"), one output of the UMZI when locked to 
(j> = —tt/2 ("A2,_,r/2"); and the predicted output of the UMZI 
based on the measured input amplitude and quadrature phase 
variances, as well as the measured homodyne detection fringe 
visibilites (0.89% and 0.92% for input and output respectively 
[20|l and UMZI fringe visibility ("Theory"). 



Thus phase quadrature measurements are correlated to 
below the QNL. Sub-QNL correlations on both quadra- 
tures are the signature of entanglement |22| , showing that 
the side-band entanglement has been transferred to en- 
tanglement between spatially separated beams 0. 

To demonstrate these quantum effect, we use an UMZI 
to separate the side-bands of an amplitude squeezed in- 
put field. In this experiment (type B), we use a com- 
mercially available pulsed Optical Parametric Oscillator 
pumped by a mode locked Ti:Sapphire laser (both Spec- 
tra Physics). The Optical Parametric Oscillator produces 
pulses of 130fs at a center wavelength of 1530nm and a 
repetition rate of 82MHz. The nonlinear Kerr effect ex- 
perienced by intense pulses in optical fibers (see e. g. 
reL '23'!) is used to generate non-classical states of light. 
During propagation of such pulses through a fibre, a high 
degree of excess phase noise is introduced mainly due to 
some classical noise effects. Employing an asymmetric fi- 
bre Sagnac interferometer [23|, amplitude squeezing can 
be produced, the amplitude not being affected by excess 
noise. 

For a pulsed laser beam the separation of side-bands 
can be performed only at certain frequencies, as two con- 
ditions have to be fulfilled simultaneously. (1) Two pulses 
have to overlap temporally giving a boundary condition 
for the path length difference AL — cnT^cp {n is an in- 
teger number and Tiop is the time between two pulses) 
and (2) A 7r/2-phase shift at the measurement frequency 
/m must be introduced, so that AL = c/{4:f^). Possible 
measurement frequencies are therefore /m = l/(4nTi.op). 
At our repetition rate the arm length difference must be 
a multiple of 3.66m, corresponding to the distance be- 
tween two successive pulses. The arm length difference 
is set to be 7.32m for measurements at 10.25MHz. 

We launched about 4dB of amplitude squeezed light 
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FIG. 3: Characterization of the output beams of the UMZI 
when using squeezed light. The upper two graphs show the 
amplitude noise level of the individual beams (gray lines) 
compared to the respective quantum noise limit (black lines). 
The lower left graph shows the correlations in the amplitude 
quadrature (gray line) compared to the quantum noise limit 
(black line). The lower right graph shows the correlations in 
the phase quadrature (gray line) compared to the quantum 
noise limit (black line) . All noise levels have been detected us- 
ing a pair of spectrum analyzers (HP 8590) at a measurement 
frequency of 10.25MHz, a resolution bandwidth of 300kHz and 
a video bandwidth of 30Hz. All traces have been corrected 
for the electronic noise level, that was at about — 77.9dBm. 



To demonstrate that this beam pair is indeed entan- 
gled, correlations below the quantum noise limit between 
the two beams in the amplitude as well as in the phase 
quadrature must be observed. While amplitude corre- 
lations are verified rather easily in direct detection of 
the two output modes and subsequently correlating the 
photocurrents, phase measurements are more involved. 
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Having intense pulsed light trains, neither homodyne de- 
tection (that might saturate our detectors due to the high 
intensities involved) nor phase shifting cavities (with high 
requirements on resonance conditions) could be easily 
employed. We therefore used an interferometric scheme 
where two entangled beams interfere at yet another 50/50 
beam splitter. Their relative phase is such that the out- 
put beams (denoted a and b) of this interference have 
equal intensity Both output beams are then de- 

tected directly. The spectral component at frequency lu 
of the sum and the difference of the photocurrents from 
the two detectors yields signals that are proportional to 
the sum of the amplitude and the difference of the phase 
quadratures of the two entangled beams respectively 

V{Sn,{Lo) + Sni,{u)) = V{SX+{lo) + SX+{uj)) = 
V{Sn,{Lo)-6n^{co)) - V{SX{ (lu) ^ SX^ (lu)) = V'^^. 

The measurement scheme is equivalent to a Bell state 
measurement on intense light beams ^5]. It turned out 
that this type of measurement can also be applied to 
the entangled beam pair generated by separating the 
side-bands to check for the correlations in the amplitude 
and the phase quadrature. In the verification experi- 
ment, we achieved a visibility of more than 90%. We 
observed about 1.6dB of correlations below the quan- 
tum noise limit in the amplitude quadrature (lower left 
traces in Fig. 131 and about 1.4dB of correlations in the 
phase quadrature (lower right traces in Fig. |3l . This ex- 
periment shows that the quantum correlations between 
the side-bands of the squeezed input beam have been 
successfully transferred to quantum correlations between 
two spatially distinct outputs. The result clearly shows 



the entanglement between the outputs, as both, non- 
classical correlations in the amplitude as well as in the 
phase quadrature of the beam pair were detected. Note 
that the degree of observed correlations of 1.6dB for the 
amplitude quadrature (1.4dB for the phase quadrature) 
agrees with the prediction from theory. About 1.6dB of 
correlations are expected when 4dB of input squeezing 
are used, as the correlations are degraded by the contri- 
bution of the uncorrelated vacuum side-bands (see Eqs. 
El and d) . To extract the full correlations of 4dB a pair 
of frequency shifted local oscillators would have to be 
applied as proposed by Zhang . 

In summary, we have demonstrated the production of a 
new type of entangled light via a device which can be used 
to separate the quantum side-bands of an optical field. 
This device is in essence an unbalanced Mach-Zehnder 
interferometer (UMZI) where the path length difference 
is determined by the frequency at which side-band sepa- 
ration is required. We have shown that the UMZI may 
be used to spatially separate the positive and negative 
side-bands of a phase modulated optical field. Apply- 
ing this to single mode squeezed light produces spatially 
separated entangled beams. Many landmark experiments 
have investigated quantuin properties with homodyne de- 
tection, for example [23 ■ The techniques described 
here and in ref. hj open a new window on these and 
other quantum optics experiments. 
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